ZnO based nanowire FETs have been fabricated by implementing a top-down approach, which uses optical photolithography, atomic layer deposition (ALD) of ZnO thin film, and anisotropic plasma etching. The effects of Phosphate Buffered Saline (PBS) solution on the surface of ZnO nanowire were investigated by measuring the FET characteristics at different PBS dilutions. The drain current, ON , exhibited an increase of 39 times in the highest PBS solution concentration compared to measurement in air. From the measured transfer characteristics and output characteristics in various PBS dilutions, the device was found to maintain n-type behaviour. These results indicate that the device can be effectively used for biomolecules sensing.
Introduction
In the last two decades, nanomaterials including nanotubes, nanoscale films, nanogaps, nanoparticles, and quantum dots [1] [2] [3] [4] [5] [6] have garnered vast consideration owing to their apt characteristics for constructing innovative nanoscale biosensors. For instance, size of nanomaterials in the range of one to 100 nm is suitable to be employed in cellular biology studies encompassing viruses, nucleic acid, cells, and proteins. Due to their diminutive size, nanomaterials have been developed to monitor and regulate noteworthy fields including, drug manufacturing, environment protection, food manufacturing, medical diagnosis, and toxicology screening [7] . Additionally, the great surface-to-volume ratio for nanomaterials enables a significant quantity of biomaterials-associated atoms to be positioned either at or near to their surface area.
Up until now, a variety of studies in major fields of biology have applied various methods of nanoscale sensing. Particularly in observing biological entities, a swift and accurate detection is critical. Attributed to this, the need for sensor-based system architectures becomes more demanding [3] . Such system architectures need to emphasize specificity, sensitivity, and cost involved in innovating and manufacturing nanoscale biosensors. In the field of electrical biosensing, field-effect transistors (FETs) devices are among the most heavily focused biosensors owing to their capability in direct translation of target biomolecules-FET surface interactions into intelligible electrical signals [2, 3, 6, [8] [9] [10] .
Biosensing devices that are based on FETs possess a channel that contacts with the surroundings directly, which subsequently provides a greater surface charge control. Attributed to this, FET-based nanowires have high sensitivity. Nanowires are sensitive to changes in biological activities whereby their semiconductor channel surface picks up disparity in surface potential, which in turn modulates conductance of the channel. A number of reports have reported the achievements of biosensing devices with ultra-sensitivity manufactured from FETs based on nanomaterials encompassing single-walled carbon nanotubes (SWNT) [11] , graphene [12] , and metal oxide NWFETs [13] [14] [15] [16] .
Zinc oxide (ZnO) is widely researched compounds to be used as a nanomaterial, owing to its vast prospect applications. The structure of this nanomaterial is known to exhibit great biocompatibility and great surface area, being nontoxic and chemically stable as well as exhibit high electron interaction characteristics and biomimicry, resulting in its suitability to be utilized as a biosensor [17] . Various literatures have studied the nanostructures of ZnO for biosensing technology, through a bottom-up approach [16] [17] [18] [19] . Bottomup fabricated nanowire sensors commonly involve a complex fabrication process because it requires a single strand of semiconducting nanowire to be manipulated and aligned between the source and drain. Hence, repeatability is a challenge during fabrication of devices for large sensor arrays [20] . Therefore, developing an economically feasible and modest fabrication in large-scale manufacturing of sensors based on nanowires would speed up their acceptance as point-of-care (PoC) devices [21] .
Previous works [13, 22] have demonstrated manufactured economically feasible nanowires in a regulated top-down fabricating approach. Since biosensing devices are normally operated in a liquid environment, the buffer concentration of the electrolyte can have critical effects on the sensing performances. In addition, the ion concentration in Phosphate Buffered Saline (PBS) matches that of the fluid inside the cells. In tandem with previous works [13, 22] , this work explores electrical conductance modulation of nanowire FETs that have been manufactured via top-down approach in different concentration of Phosphate Buffered Saline (PBS) solutions. Figure 1 . A thermal silicon dioxide of about 200 nm was grown on low resistive p-Si wafers (Figure 1(a) ). Then, the SiO 2 layer was patterned using photolithography and subsequently etched in Reactive Ion Etch (RIE) for 100 nm to form SiO 2 trenches or spacers (Figure 1(a) ). Before thin film deposition, Fuming Nitric Acid was used to clean the samples to remove the photoresist. After cleaning, samples were immediately loaded into the atomic layer deposition (ALD) chamber for ZnO film deposition (Figure 1(b) ). ZnO film was deposited at a temperature of 100 ∘ C with the DEZ precursor dose time and O 2 plasma time set at 30 ms and 4 s, respectively
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Fabrication. The fabrication process of ZnO nanowire FET is shown in
After the ZnO thin film ALD deposition, the samples were patterned by photolithography and etched anisotropically in Inductively Coupled Plasma (ICP) to form array of nanowires (Figure 1(c) ). Subsequently, the samples were patterned by photolithography for Al deposition. A 200 nm Al was evaporated before the Al lift-off process (Figure 1(d) ) was executed in NMP solution. After metallization process, 4.8 m thickness of SU8-3005 photoresist was spincoated. Using photolithography, the resist was patterned and developed to open the sensing windows as illustrated in Figure 1 (e).
The bio-FET device fabricated consists of an array of 100 nanowires with channel length of 20 m [20] . The electrical characteristics measurements are executed at room temperature and in dark natural ambient using Agilent 15000 Parameter Analyzer. of fabricated biosensor. There is an opening window with length of 20 m which is used to expose the nanowires to the solution. There are offsets which are measured to be 3.4 m and 2.3 m between the SU8 window edges and the nearest source/drain, respectively. These offsets ensure that the source and drain are not connected through the liquid when the sensor is exposed to various solutions [20] .
PBS Measurements.
The measurements started by introducing 5 L aqueous droplet on the nanowire surface. It is important to ensure that the solution, which was introduced, covers the nanowire window as shown in Figure 2 (b). The transfer characteristics and the output characteristics were measured within 10 secs after the solution was dropped on the nanowire surface. After each measurement was taken, the surface of the nanowire was cleaned by rinsing with a drop of deionized water and dried the surface with tissue. This step was repeated for ten times to confirm that the surface on the nanowire is completely dried before a new droplet is introduced.
The PBS solutions were diluted in deionized water with ×1000, ×100, and ×10 dilutions. A PBS solution with 100 ml deionized water contains 137 mM of NaCl, 2.7 mM of KCl, 8.1 mM of Na 2 HPO 4 , 1.5 mM of KH 2 PO 4 , 140 mM of salt, and 10 mM buffer with pH 7.4. A PBS solution with ×1000, ×100, and ×10 dilutions contains 0.14 mM, 1.4 mM, and 14 mM of salt at pH 7.4, respectively. Electrical characteristics were measured in each PBS dilution.
The biosensing measurements were executed following these orders: (i) measurement in air; (ii) measurement in PBS ×1000 dilutions; (iii) measurement in air; (iv) measurement in PBS ×100 dilutions; (v) measurement in air; (vi) measurement in PBS ×10 dilutions; (vii) measurement in air; (viii) measurement in PBS ×1000 dilution. Figure 3(a) shows the transfer characteristics in linear scale at = 1 V measured in air and in different PBS dilutions. The transfer characteristic in air indicates n-type conduction with a threshold voltage, TH of 7.7 V. When different PBS dilutions were introduced on the nanowire surface, the n-type behaviour was maintained. However, there was a change in the threshold voltage. The TH changed from 11.2 V, 13.3 V, and 12.5 V in PBS ×1000, PBS ×100, and PBS ×10 solutions, respectively. ON is defined as the measured drain current, and at = 20 V increased exponentially with decreasing PBS dilutions. The ON increased by 9-fold in PBS ×1000 solution compared to ON measured in air. In PBS ×100 solution, ON increased by 6.6 times and ON escalated by almost 39 times in PBS ×10 solution compared to ON measured in air. Since the PBS solutions consist of ions, these ions influenced the surface charges exist on the nanowire surface which then cause the kinks at the transfer curve that vanishes through increasing gate bias.
Results with PBS Solutions
After each PBS solution was removed, the electrical characteristics were remeasured in air before introducing new solutions. This is important to verify any drift in ON . Figure 3(b) shows the plot of the drift in against different PBS solutions. ON measured in air after removing PBS ×1000 was increased by 39% from the initial time measured in air before introducing the PBS solution. In case of PBS ×100 solutions, there was a small drift of 12.5% in ON measured before and after dropping the solution. Meanwhile a maximum drift of 169% in ON was shown after the removal of PBS ×10. This large drift in ON could be due to the presence of some residues of the PBS ×10 solution on the ZnO nanowire surface.
The measured output characteristics, − , are shown in Figure 4 (a) at a fixed of 20 V. The measurements were taken in air and in different PBS solutions. Distinct n-type characteristics with a good pinch-off at high drain voltages were observed from the output characteristics. In air, measured at = 20 V and = 20 V was 9.5 nA; then it increased to 35 nA after PBS ×1000 solution was dropped on the nanowire surface. The current increased further to 48 nA in PBS ×100 solution. Finally, in PBS ×10 solution increased by almost 20 times the value measured in air. Accordingly, the conductances in different measurement conditions were calculated and plotted in Figure 4 slopes of the measured − characteristics measured at = 20 V were calculated at > 1V. The values of resistance were extracted using a linear fit. In air, the resistance measured was found to be the highest at 700 MΩ. The resistances were then decreased from 230 MΩ in PBS ×1000 to 31 MΩ in PBS ×10 solutions.
Discussion
To date, a high number of ZnO NWFETs commonly operate in atmospheric and vacuum environments, but very few findings on their performance in solutions. In all PBS dilutions, distinct n-type conductions existed despite the exposure of ZnO nanowires to huge quantity of water molecules and ions. The output characteristics obtained in different PBS dilutions revealed that n-type conductivity was retained with success and could be utilized effectively for biomolecules identification. It is crucial as biosensing practically involves dissolving biological analytes in buffer solutions, with concentration of electrolyte and pH similar to that of physiological solution. PBS model has a great suitability to serve as a human serum as it exhibits a 7.4 pH [2] . Thus, concentration of electrolyte is a crucial variable of experiment to be taken into account.
Journal of Nanomaterials From computational models of the response time of a nanobiosensor in a diffusion-capture regime, calculations predict that the sensor response varies linearly with pH and logarithmically with electrolyte concentration [23] . This experimental investigation involved pH 7.4 aqueous PBS, in which the strength of ions degraded with increasing dilutions. The change of ON , which was defined as the measured drain current, at = 20 V, was used as the measured response in this experiment. ON was found to increase exponentially with decreasing PBS dilutions. Increasing concentrations across all PBS resulted in the production of decreasing -resistance in a nonlinear way. This revelation is consistent with simulated theoretical studies [23, 24] and reported experiment findings in FET [2] and Ion Sensitive FET (ISFET) [25] .
Increment of conductance of channel and ON alongside the increase of electrolyte concentration is associated with Debye length, . This is defined as the maximum distance at which an external charge can influence the NW carrier concentration [2] .
is obtained by computing = 0.32(I) −1/2 , in which refers to the strength of ions in aqueous buffers. Based on the formula, will decrease with an increasing of ion concentration. Figure 5 shows the computed and charted Debye length. This experiment utilized three varieties of aqueous PBS that resulted in three respective values, 2.7 nm for ×10 (14 mM), 8.5 nm for ×100 (1.4 mM), and 27 nm for ×1000 (14 mM) PBS solutions, respectively. It is observed that little produces larger reaction of ON in comparison to greater in electrolyte solution. In comparison to in PBS solutions, in air is much lesser, owing to moisture (OH − ) and oxygen (O 2− ) molecules in air, which depleted the surface of nanowires. In PBS solutions, buffers are formed from phosphate ions. The ions are responsible for neutralization of OH − , which have been discharged by solution's molecules, therefore, maintaining the solution concentration at a constant pH 7.4. Subsequently, fewer molecules of OH − are available for electron trapping in the surface of nanowires, which resulted in increased . In PBS ×10 solution, exhibited lesser length, indicating effectiveness of charged ions in screening. This screening causes the OH − charged molecule to have little effect on the surface depletion phenomena on the nanowire surface, thus providing an elevating conductance of the device by as much as 39 times ON in air. At a lower electrolyte concentration (PBS ×1000), the poorly screened OH − ions in the solution will cause a larger depletion layer due to an increase of trapped electrons in the nanowire channel.
The discovery reveals that PBS solutions exhibit passivation characteristic whereby they screen molecules from depleting carriers on nanowire surface (refer to Figure 6 ). The findings indicate that nanowires fabrication utilizing top-down approach was consistently investigated to explore sensing abilities through biomolecules detection.
Conclusions
An array of ZnO NWFET, which consists of 100 nanowires, was successfully fabricated using top-down technique. The device characteristics maintained an n-type FET behaviour not only in air but also in different PBS solutions. The device shows higher ON in buffer solutions compared to air. In addition, the resistance decreases with increasing electrolyte concentrations. This is due to the passivation characteristic in PBS solutions in which the OH − molecules were effectively screened from the nanowire surface. The effect of PBS solution on the ZnO nanowire surface suggests that this device is suitable for biosensing applications. In addition, this study indicates that the concentration of PBS used in processes such as biomolecules immobilization will give an effect, which will influence the results obtained. Therefore, the concentration of the PBS solutions used in these processes has to be optimized to achieve accurate results.
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